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Page 3: 
i/ Line 11: Change def ini t ion of w t o  read as follows: 

J w  normal component of veloci ty  (posi t ive i n  direct ion of 
the  outward normal), f t / s ec  

Line 12: /In the  def ini t ion of x, delete  word "root" before "leading 
edge. 

Line 13: /In the  def ini t ion of To, delete  t he  word ''root" before both 
the  word "leading edge" and the  word "chord." 

Line 17 d n d  following l ines :  Inser t  the following symbols and def ini t ions 
before the  symbols Fcg and ycg, respectively: 

4 x 0  pi tch  ax is  location measured from leading edge, in. 

J 
Y coordinate measured i n  spanwise direction, in .  

Page 5 :  

Line 7: /Revise par t  of sentence following semicolon t o  read " a l l  
p ro f i l e  shapes pa ra l l e l  t o  t he  free-stream direct ion had a 
5-percent . . .I1 

1,' 

Last l i n d  Change "wing t i p"  t o  "wing leading edge." 

Page 6, l i n e  6d'Change the  phrase " A l l  t he  distributions" t o  read "Only the  

Page 7: dn equation (l), add $ ahead of k; change To t o  xo. 

J' 

m a s s  d is t r ibut ions.  
d' J 

dx 
In  l&de 12, change ''negative" t o  ''lower." 

J 
Page 8: A n  equation ( 5 ) ,  omit sign -I. before brackets j change ZO t o  XO. 

In l i n e  14, add "using average p ro f i l e  shapes of streamwise s t r ips ."  t o  
&d of sentence. 
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/' Page 9, las t  paragraph: It has been found t h a t  the  application of t he  Newtonian 
theory t o  the  s lab series of a i r f o i l s  i s  contrary t o  some of the  assump- 
t ions  stated.  Consequently, the  remarks concerning the Newtonian theory 
calculations of f igures  lO(c) and l l ( c )  f o r  t he  slab series of a i r f o i l s  
as well as the  Newtonian theory data appearing i n  these f igures  (pp. 33 
and 36) should be disregarded. 
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/Page 12: In  equation (A4b) ,  change xo t o  xo. 

- 
A a g e  13: I n  equations (&) and ( A d ) ,  change xo t o  xo. 
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/Page 14: I n  equations on l i n e s  4' 4 5 ,  and 6, change To t o  xo. 

Page 17: In bracketed headnote under "Overall properties," change 
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[q = 0.631 t o  [Yo)root = 0.651. 
Pane 17: In bracketed headnote under "Overall properties," change 

J - 
[q = 0.651 t o  [Yo)root = 0.651. 

,/ Page 21: In t he  f i n a l  column of tab le  111, a l l  quant i t ies  x/2 should be y/s. 
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EFFECTS OF W I N G - E D G E  SWEEP ON FLUTTER CHARACTERISTICS OF 

SOME DELTA-PLANFORM SUWACES AT A MACH NUMBED OF 15.4 

By Robert C .  Goetz 
Langzey Research Center 

SUMMARY 

A wind-tunnel investigation has been conducted i n  helium flow a t  a Mach 
number of 15.4 t o  determine some e f f ec t s  of leading-edge sweep and p ro f i l e  shape 
on the f l u t t e r  charac te r i s t ics  of some delta-planform all-movable control sur- 
faces. The p ro f i l e  shapes t e s t ed  were blunt leading-edge wedges, double wedges, 
and slabs.  I n  general, the  results indicate  tha t  increasing the leading-edge- 
sweep angle from 600 t o  about 6 5 O  or 700 i s  destabi l iz ing,  while fur ther  
increases i n  sweep a re  s tab i l iz ing .  However, these trends may be influenced by 
the layer  of disturbed flow along the  re f lec t ion  plane surface, par t icu lar ly  fo r  
the  more highly swept models. For each sweep angle the blunt double-wedge air- 
f o i l s  are  the  most susceptible t o  f l u t t e r ,  and the  s lab  a i r f o i l s  a re  the l ea s t  
susceptible t o  f l u t t e r .  

Results of f l u t t e r  calculations made by using modified Newtonian theory 
and by pis ton theory aerodynamics i n  conjunction with an uncoupled two-mode 
s t r i p  analysis a r e  compared with the  experimental r e su l t s .  For a l l  cases the 
Newtonian theory more closely predicted the  experimental f l u t t e r  speeds, par- 
t i c u l a r l y  fo r  the  a i r f o i l s  with large leading-edge r ad i i .  

INTROIXTCTION 

Highly swept de l ta  planforms with blunt leading edges a re  extensively used 
i n  order t o  a l l ev ia t e  aerodynamic-heating problems on the  l i f t i n g  surfaces of 
hypersonic a i r c r a f t ,  missiles, and ant imissi le  missiles.  Since many of these 
vehicles must be capable of operating a t  r e l a t ive ly  high dynamic pressures, the  
poss ib i l i t y  of f l u t t e r  and other aeroelast ic  problems must be considered. A t  
present, however, l i t t l e  information i s  available with regard t o  the  hy-personic- 
f l u t t e r  charac te r i s t ics  of such surfaces. 

Reference 1 presents a l imited amount of theore t ica l  and experimental f l u t -  
t e r  data f o r  several  blunt, highly swept de l ta  surfaces a t  a Mach number of 7.0. 
It i s  the purpose of t h i s  report  t o  extend the  study of reference 1 t o  a Mach 
number of 15.4. Accordingly, a wind-tunnel investigation has been conducted i n  
order t o  determine some e f f ec t s  of leading-edge-sweep angles and a i r f o i l  shapes 
on the  f l u t t e r  charac te r i s t ics  of several  blunt highly swept all-movable control 



surfaces at a Mach number of 15.4. 
which varied systematically from 60° to 80’; and all had 5-percent-thick 
blunted-wedge, double-wedge, or slab airfoils. The experimental results of 
this investigation are compared with flutter characteristics calculated by 
second-order piston theory and by modified Newtonian theory. 

These surfaces had leading-edge-sweep angles 

SYMBOLS 

a speed of sound, ft/sec 

b local wing semichord, ft 

br wing root semichord, ft 

normal-pressure coefficient, nondimensional CP 

d model mounting-shaft thichess, in. 

natural frequency of nth mode (n = 1, 2, 3 ,  and 4), cps fn 

vertical displacement of elastic axis 

mass moment of inertia of wing about pitch axis, slugs-ft2 Ia 

mass moment of inertia of wing section about pitch axis, lb-in-sec2 Iea 

reference reduced frequency, - V kr 

2 model mounting-shaft length, in. 

lift, lb L 

dimensionless coefficient defining lift on an oscillating wing 
(i = 1, 2, 3 ,  and 4) (See eq. ( A 7 ) . )  

Li 

mass, slugs m 

M Mach number 

total aerodynamic moment on wing about pitch axis, slug-ft M, 

dimensionless coefficients defining moments on an oscillating wing 
(i = 1, 2, 3 ,  and 4) (See eq. ( A 8 ) . )  

free-stream static pressure, lb/sq ft 

Mi 
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l oca l  pressure difference between upper and lower wing surfaces, 
lb/sq f t  

Reynolds number , 

radius of leading 

radius of leading 

edge, f t  

edge, f rac t ion  of chord 

normalized radius J3 of gyration of model about p i tch  axis ,  

wing semispan, f t  

s t a t i c  unbalance about p i tch  axis ,  in- lb  

time 

-J &.,$&cr,&J k / L .  & r z - . d ,  d* 4.s y free-stream veloci ty  , f t / s ec  
77.4-2&. A 

component of veloci ty  (posi t ive ap), f t / s ec  

chordwise coordinate measured p a r a l l e l  t o  the  root chord from the  a?e& 
leading edge, i n .  

pitch-axis location measured from the  x+& leading edge, f rac t ion  of 
see% chord 

/@"& cL+;. h - c n t c u .  73@d.ILLc/FeA J&&.U AN/L&$ lL$yL, -c-.-u; 

streamwise distance from root leading edge t o  center of gravity of 
wing, percent of root chord , 

C & L L L L L f A &  3 ? d L ? S L L G L L  A*% A - c L 2 L . , d ' 4 . &  cci4L?c'L<:>y: .CI+'. r 
distance from root chord t o  center of gravity of wing, percent semispan 

coordinate measured perpendicular t o  chord plane, i n .  

function defined by a i r f o i l  shape (See appendix.) 

angular perturbation of wing about mean angle-of-attack posi t ion 

mean angle of a t tack,  deg 

r a t i o  of spec i f ic  heat,  3 / 3  f o r  helium 

absolute v iscos i ty  , slugs/ft-sec 

spanwise width of model s t r i p ,  i n .  

3 
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A leading-edge-sweep angle, deg 

P mass r a t i o  ( r a t i o  of mass of model t o  mass of volume of t e s t  medium 
contained i n  cone generated by revolving each chord about i t s  mid- 

m 
1 2  - fibs P, 
3 

point; height of cone i s  equal t o  wing semispan), 

P density of t e s t  medium, slugs/cu f t  

angle between the  free-stream direct ion and a tangent t o  a point on 
the  wing surface for steady flow, deg 

B 

e loca l  downwash angle caused by unsteady motion 

CI) frequency of harmonic osc i l la t ion ,  radians/sec 

.'Uf f l u t t e r  frequency, radians/sec 

0, natura l  frequency of nth mode (n  = 1, 2),  radians/sec 

oh frequency of uncoupled f i r s t  bending mode, radians/sec 

4 . L  frequency of uncoupled f i r s t  pitching mode, radians/sec 

Subscripts: 

ex experimental 

s tag st agnat i on 

t h  

2 

U 

I;E 

TE 

theore t ica l  

lower surface 

upper surface 

leading edge 

t r a i l i n g  edge 

Dot over quantity denotes d i f fe ren t ia t ion  with respect t o  time. 
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MODELS 

Description 

The models used i n  this investigation consisted of three ser ies  of half-  
span all-movable de l ta  surfaces which had leading-edge-sweep angles ranging 
from 600 t o  800 i n  5 O  increments. 
p ro f i l e  shapes were tes ted.  

5-percent m a x i m u m  thickness-to-chord r a t i o  and leading-edge r a d i i  of 1.25, 1.25, 
and 2.50 percent of t h e i r  l oca l  chord, respectively. The pitch-axis location 
of a l l  the  models w a s  a t  65 percent of  the  root chord. 
model prof i les  i s  presented i n  f igure 1, and f igure 2 shows a photograph of one 
ser ies  of models with various leading-edge-sweep angles. 

For each value of sweep angle, three a i r f o i l  
These w e r e  blunt l ead ing -edgea@eskdyr  J-, - f lC; . r /  

wedges, and slabs (constant thickness t o  chord r a t i o ) ;  alln apes -ud&e,rJ g&/d, cr/ 

A sketch showing the  

The models w e r e  supported by a rectangular shaf t  which w a s  an in t eg ra l  pa r t  
of the aluminum-alloy core of t he  model. Bondedto the  core w a s  a layer of 
aluminum al loy covering the inboard portion of the  planform; balsa wood covered 
the remainder of the model; both w e r e  machined t o  give the  desired a i r f o i l  
shape. The aluminum-alloy portion w a s  employed i n  order t o  minimize the  span- 
wise center-of-gravity s h i f t  with change i n  leading-edge-sweep angle. Lead 
in se r t s  were added t o  the core of the model i n  order t o  match closely the  mass 
and i n e r t i a l  properties of t he  models of reference 1, and t o  hold a re la t ive ly  
constant frequency r a t i o  ( f l / f 2 )  f o r  t he  various models. 
typ ica l  model with the balsa wood removed i s  shown i n  f igure 3 .  

A photograph ol" a 

Physical Properties 
A 

The t o t a l  m a s s ,  i n e r t i a l  parameters, and natural  frequencies of the  models 
a re  l i s t e d  i n  t ab le  I ( a )  along with pertinent dimensions. 
model shaft i s  not included i n  the  data shdwn. 

The mass of the  

A l l  models were vibrated with an interrupter  a i r - j e t  shaker t o  determine 
the natural  frequencies and nodal pat terns .  Typical nodal pat terns  f o r  t he  
models are shown i n  f igure 4. 
natural  frequencies were w e l l  above the  f i rs t  and second na tura l  frequencies. 
Mode shapes were determined as i n  reference 2 by taking time-exposure photo- 
graphs of the models while they were vibrating i n  one of t h e i r  f i rs t  two natural  
modes. The mode-shape deflections obtained from the  photographs showed t h a t  
within reading error ,  a l l  e l a s t i c  deformation of t he  f irst  two natural  modes w a s  
confined t o  t h e  model shaft .  Thus, i n  these two modes, the  wing i tself  moved 
as a r i g i d  body with flapping and pitching motion. The uncoupled bending and 
tors ion frequencies and mode shapes, given i n  tab le  11, were calculated by using 
beam theory f o r  a r i g i d  body on a f lex ib le  weightless shaf t .  These calculated 
mode shapes and frequencies compared w e l l  with measured values. The first m e a s -  
ured natural  mode w a s  essent ia l ly  uncoupled, while the  second uncoupled mode w a s  
obtained experimentally by restraining the  model a t  t he  e l a s t i c  ax is  on the 
wing ki+p-- .,Leadi, 

I n  a l l  cases examined, the t h i r d  and fourth 

5 



After the  t e s t s  each model was cut i n t o  s t r i p s  p a r a l l e l  t o  the airstream. 
The number of s t r i p s  varied from nine fo r  the 600 models t o  f ive  f o r  the 800 
models. The spanwise var ia t ion of the  mass was obtained from the  weight of the  
individual s t r i p s .  The mass moment of i n e r t i a  w a s  found by swinging the s t r i p s  
i n  a cal ibrated tors ion pendulum. 
s t a t i c  unbalance, and i n e r t i a  f o r  each of the  models. ?l&2 the  4hs t r ibu t ions  i n  
t ab le  I (b)  have been corrected f o r  the amount of material  l o s t  due t o  the  saw 
cuts  . 

Table I ( b )  presents t e d is t r ibu t ion  of mass, 
7+l.+z&, 

Apparatus 

The t e s t s  were performed i n  the  24-inch-diameter l e g  of t he  Langley Mach 15 
hypersonic aeroe las t ic i ty  tunnel, which uses helium as  a t e s t  medium. 
t i o n  of t h i s  f a c i l i t y  and i t s  operating charac te r i s t ics  can be found i n  
reference 3. 

A descrip- 

The models were mounted on a re f lec t ion  plane which was supported 
6.8 inches from t h e  tunnel wall  a s  shown i n  f igure 1. 
support s&ructure was designed t o  insure t h a t  the  model was out of the tunnel 
wall boundary layer .  
model shaf t  and re f lec t ion  plane i n  the  support s t ructure .  (See f i g .  5 . )  This 
clamping device was used t o  r e s t r a in  the model during the tunnel s t a r t i n g  t ran-  
s ien t  and a l so  t o  avoid destruction of the  model when f l u t t e r  occurred. 
the same model could be used f o r  more than one test .  

The reflection-plane 

A clamping device was provided a t  the junction of the 

Thus, 

Procedure 

Models were mounted i n  the t e s t  section a t  zero angle of a t tack.  After 
i n s t a l l a t ion  and j u s t  p r io r  t o  each test  run, the  measurements f o r  the  f i r s t  
two na tura l  frequencies of the models were checked. 
a ted  t o  a pressure of 1/4 inch of mercury absolute. 
and a control valve upstream of the  t e s t  section was opened, and flow was estab- 
l i shed  at-.dynamic pressure of about 100 psf .  
released and, with the  Mach number remaining constant, the  dynamic pressure was 
increased u n t i l  f l u t t e r  was encountered o r  the maximum tunnel operating condi- 
t i ons  were reached. A t  t h a t  point t he  model w a s  again restrained and the  tun- 
n e l  flow stopped. 

The tunnel was then evacu- 
The model was restrained, 

A t  t h i s  time the  model was 

Throughout t he  tests stagnation temperature and pressure were recorded on 
an oscillograph together with signals from resistance-type s t r a i n  gages mounted 
on the  model shaf t  (see f i g .  2),  so tha t  tunnel conditions could be correlated 
with model behavior. 
tables .  
and t o  evaluate the  f lut ter  frequency. 
ter  of most of the  models were obtained. 

Other per t inent  tunnel data were obtained from helium flow 
The strain-gage response was used t o  indicate  the occurrence of f l u t t e r  

High-speed motion pictures  of the  f l u t -  



FLUTTER CALCULClTIONS 

Two-degree-of-freedom flutter calculations were made for the models by 
using the first two uncoupled modes, since reference 1 showed that for models 
of this type flutter characteristics obtained by using uncoupled modes gave 
better agreement with experimental results than those obtained by using coupled 
modes. The aerodynamic parameters were obtained from second-order piston theory 
or from modified Newtonian theory. In both theories the local surface pressure 
generated by the wing motion is completely defined by the Mach number, the ratio 
of specific heats, and, for small flow angles, the component of the free-stream 
velocity normal to the wing surface. This component of velocity is given by 

r 

L 

where the first90 terms correspond to 
wash. Here the +sign refers to 

1 

the steady-state component of the down- 
the upper surface. 

For piston theory (ref. 4) the pressure coefficient in terms of the down- 
wash is given by 

neglecting third and higher order terms. Valid application of this expression 
requires that the downwash velocity at the wing surface be less than the speed 
of sound. This requirement, besides being a limit on airfoil thickness, ampli- 
tude, and frequency of motion, also implies that piston theory will not be 
applicable near the leadlng edge of blunt-nosed airfoils where the surface 
slopes are large. For the piston-theory calculations of this study, the wing 
leading edge was assumed to be sharp with a wedge inscribed in the semiconical 
leading edge. 

A hypersonic theory which does not have the leading-edge-bluntness limita- 
tion is Newtonian theory for which the pressure coefficient is 
Applications of Newtonian steady-flow theory in this form do not correlate too 
closely with experimental results for the stagnation point (ref. 5 ) .  However, 
a pressure coefficient of this type based on the stagnation pressure obtained 
from normal-shock relations gives better agreement. This modified Newtonian 
pressure coefficient which includes an unsteady component is given by 

Cp = 2 sin2@. 

Cp = Cp,stag sin2(ej * e)  ( 3 )  

7 



where 

1 
dx/dz 

# = +ag + tan-1 - (4) 

and, where 

f o r  s m a l l  values of 8. Any point i n  the  aerodynamic shadow, hidden from the  
free stream by a portion of the  a i r f o i l ,  i s  assumed t o  be i n  a region of zero 
pressure. 

Expressions f o r  t he  l i f t  and pitching moment of the  osc i l la t ing  wing were 
obtained from equations (2)  and ( 3 ) .  
obtained from pis ton theory are tabulated i n  reference 6 f o r  a var ie ty  of a i r -  
f o i l s  including those used i n  t h i s  investigation. Expressions fo r  the corre- 
sponding aerodynamic coeff ic ients  based on modified Newtonian theory a re  given 
i n  the  appendix of t h i s  report .  All f lu t t e r  speeds w e r e  computed by using these 
aerodynamic derivatives incorporated i n t o  the  s t r i p  method of reference 7. 

The resul t ing aerodynamic coefficients 

FESULTS AND DISCUSSION 

Experimental Results 

The r e su l t s  of the  wind-tunnel t es t  are given i n  tab le  11, which l i s t s  the 
flow conditions a t  f l u t t e r  as  w e l l  as the  flutter-frequency r a t i o  

flutter-speed index, V/b-pqfi, fo r  each run where f l u t t e r  occurred. Four of 

the  f i f t een  models t e s t ed  did not encounter f lut ter ;  the  data given for those 
models a re  the  m a x i m u m  tunnel conditions reached during t h e  t e s t .  The experi- 
mental r e su l t s  from t ab le  I1 are presented i n  figures 6 and 7 as the  var ia t ion 
of the flutter-speed index and the flutter-frequency r a t i o  with leading-edge- 
sweep angle, respectively. I n  f igure 8, t h e  data of reference 1 are  combined 
with the present data and are  given as t h e  var ia t ion of flutter-speed index with 
Mach number f o r  the wedge and double-wedge a i r f o i l s .  

~ / C Q  
and P+u: 

Pij”” 

Figure 6 shows three curves - one f o r  each of the  a i r f o i l  shapes. These 
data reveal t h a t  f o r  each leading-edge-sweep angle the  s lab a i r f o i l  i s  the most 
s tab le  while the double-wedge a i r f o i l  i s  the  l e a s t  stable.  All three ser ies  of 
a i r f o i l s  indicate t h a t  increasing the  leading-edge-sweep angle from 600 t o  about 
65O o r  700 i s  destabil izing, w h i l e  fur ther  increases i n  sweep are s tabi l iz ing.  
However, these trends may be influenced by the  layer  of disturbed flow along the 
reflection-plane surface which will be discussed later.  
ure 7 t h a t  the f l u t t e r  frequency always fa l l s  between the  first two natural  

It can be seen i n  f ig -  

8 
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frequencies. 
models had a flapping-pitching type of f l u t t e r  motion. 

The motion pictures  taken during the  t e s t  indicated tha t  t h e  

For wedge and double-wedge a i r f o i l s ,  f igure 8 shows the  t rend of f l u t t e r -  
speed index when the  Mach number i s  increased from 7.0 t o  15.4. 
with leading-edge-sweep angles up t o  6 5 O  or TO0 exhibit  a slight destabi l iz ing 
t rend with increase i n  Mach number. For t h e  higher swept a i r f o i l s  the  Mach 
number trend reverses with the  models becoming consistently more s tab le  with 
increases i n  leading-edge sweep. 

The a i r f o i l s  

The reflection-plane survey i n  f igure 9 shows a disturbed flow region 
(Fig. 9 w a s  (shock layer)  building up along the  reflection-plane surface. 

reproduced from ref. 3 since the  same ref lec t ion  plane was used i n  ref. 3 and i n  
the  present investigation i n  the same f a c i l i t y . )  This layer  i s  about 1.5 inches 
th ick  a t  the t r a i l i n g  edge of the models of t h i s  investigation. 
covers between 75- and 100-percent semispan of the  highly swept models a t  t he  
t r a i l i n g  edge and about 20 percent a t  the  t r a i l i n g  edge of the  60° model. 

This layer 

The presence of t h i s  disturbed layer  undoubtedly influences the  f l u t t e r  
character is t ics  of a l l  the  models and probably causes very large e f fec ts  f o r  
t he  most highly swept surfaces. The magnitude of these e f fec ts  would be diff i -  
cu l t  t o  evaluate because of t he  inherent d i f f i cu l ty  i n  obtaining th in  boundary 
layers a t  hypersonic speeds. A free-flying vehicle operating a t  hypersonic 
speeds would probably a l so  have a re la t ive ly  th ick  disturbed layer  lying along 
i t s  body and it i s  speculated tha t  a similar influence on the  f l u t t e r  charac- 
t e r i s t i c s  of a control surface attached t o  the  body might occur i n  f l i g h t .  

Comparisons With Theoretical Results 

The ef fec ts  of varying mass r a t i o  IJ. on the  flutter-speed index were cal-  
culated by using Newtonian theory fo r  the range of experimental mass r a t io s  
encountered during the  investigation. Over t h i s  range, the flutter-speed index 
w a s  essent ia l ly  independent of mass r a t i o .  

The r e su l t s  of the  f lu t te r  calculations are l i s t e d  i n  tab le  I11 and pre- 
sented i n  figures 10 and 11. Figure 10 presents the r a t i o  of experimental f l u t -  
t e r  speed t o  corresponding values calculated by pis ton theory and by Newtonian 
theory as a function of leading-edge sweep. The Newtonian theory always pre- 
dicted the  f l u t t e r  speed more closely, while t he  pis ton theory w a s  cons is ten t ly)  
conservative; it was most conservative i n  predicting the  f l u t t e r  speed f o r  t he  
' s lab series of a i r f o i l s .  Such a difference i s  not surprising since the  s lab  
a i r f o i l s  have the  la rges t  leading-edge radii, and piston theory does not take 
in to  account leading-edge bluntness. For t h e  piston-theory calculations the  
leading edge w a s  a r b i t r a r i l y  assumed t o  be sharp (as previously described). 
The calculated r e su l t s  might be s l i gh t ly  d i f fe ren t  i f  the  leading edge had been 
t rea ted  i n  a different  manner. Both theories  roughly predict  t he  flutter-speed 
t rend with leading-edge sweep f o r  angles up t o  700 f o r  the s lab and double-wedge 
a i r f o i l s  and t o  7 5 O  f o r  t he  wedge a i r f o i l s .  However, neither theory predicted 
the  increase i n  experimental f lu t te r  speed a t  higher sweep angles, probably 
because the  theory does not account f o r  flow conditions within the  shock layer  
which covers most of the 80° surfaces. 

PLjJ 
,v@ 

Another fac tor  affect ing the calculated 
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r e s u l t s  i s  the approximation involved i n  applying two-dimensional s t r i p  theory 
t o  such a low-aspect-ratio de l ta  planform. 
used i n  order t o  coincide with the  procedure i n  reference 1, so tha t  the  r e su l t s  
would be d i rec t ly  comparable. 
models i s  1.15, 0.54, and 0.35, respectively. 

Two-dimensional s t r i p  theory w a s  

The panel aspect r a t i o  of the  600, 7 5 O ,  and 80° 

The r a t i o  of experimental t o  theore t ica l  f l u t t e r  frequency i s  presented i n  
figure 11 as a function of leading-edge--sweep angle f o r  t he  three ser ies  of 
a i r f o i l s .  
wedge and double-wedge a i r f o i l s .  
a i r f o i l s .  

Both theories gave f a i r  prediction of t he  f l u t t e r  frequency f o r  t he  
The correlation w a s  poorer for  the s lab 

SUMMARY OF RESULTS 

A wind-tunnel investigation has been conducted i n  helium flow a t  a Mach 
number of 15.4 t o  determine some ef fec ts  of leading-edge-sweep angles and pro- 
f i l e  shape on the  f l u t t e r  character is t ics  of some de l ta  planform all-movable 
control surfaces. The prof i les  tes ted  w e r e  blunted wedges, double wedges, and 
slabs with leading-edge-sweep angles from 60° t o  bo. The t e s t  indicated t h a t  
increasing the leading-edge-sweep angle from 600 t o  about 650 o r  TO0 i s  desta- 
b i l iz ing ,  while fur ther  increases i n  sweep are  s tabi l iz ing.  However, these 
trends may be influenced by the  layer of disturbed flow along the ref lect ion-  
plane surface, par t icu lar ly  f o r  t he  more highly swept models. A t  each sweep 
angle, the r e su l t s  show tha t  the s lab a i r f o i l s  are  the  most s table  while the  
double-wedge a i r f o i l s  a re  the l e a s t  s table .  
investigation with the  r e su l t s  of NASA TM X-325 a t  a Mach number of 7.0 shows a 
s l i gh t  destabil izing t rend with increase i n  Mach number fo r  models having 
leading-edge-sweep angles up t o  65' or 70'. For the  more highly swept a i r f o i l s  
the trend becomes s tabi l iz ing.  

Combining the  r e su l t s  of t h i s  

F lu t t e r  calculations made by piston theory and modified Newtonian theory 
aerodynamics indicate t h a t  i n  a l l  cases the Newtonian theory more closely pre- 
dicted the experimental f l u t t e r  speeds, par t icu lar ly  f o r  the a i r f o i l s  with 
large leading-edge radii. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., March 7, 1964. 
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APPENDIX 

AERODYNAMIC COEFFICIENTS BASED ON NEWTONIAN THEORY 

On a two-dimensional airfoil with a blunt leading edge the normal-pressure 

Body-axis system 

coefficient as given by modified Newtonian theory according to reference 8 is 

cp = Cp,stag sin2ej ( A 1  1 

If the airfoil rotates through a small angle 8 the coefficient becomes 

cP = Cp,stag sin2($ * e )  

(see eqs. (4) and ( 5 ) )  o r  

for 6 < 0 where the latter form applies in the aerodynamic shadow. The neg- 
ative sign corresponds to the upper surface. The pressure-coefficient differ- 
ence between the upper and lower surface can be written as 

11 



CP,2 - c ~ , ~  = cp,Stag(4 cos # sin e sin $ cos e )  (A2 1 

for a symmetrical airfoil with no surface in the aerodynamic shadow. Making a 
rectangular-coordinate substitution and assuming zero initial angle of attack, 

dx/dz 
cos # = 

and 

1 sin @ = 

and recalling that 8 is assumed to be small, gives the pressure-coefficient 
difference reduced to 

Cp,2 - Cp,u = Cp,stag 4 

If 8 varies with time and consists of combined pitching and plunging then 
from equation ( 3 )  

c p , ~  - Cp,u Cp,stag 4 

where a(t) 
and h(t) 
of time). 
as 

is the angular perturbation of the wing about zero angle of attack 
is the vertical displacement of the elastic axis (both as a function 
For simple harmonic motion the lift equation can be written directly 
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Similarly, the moment due t o  pitching and plunging can be writ ten as 

+ (x - xo)$ a( t )  dx 1 
, defined by the  a i r f o i l  shape. For high- 

dx /dz  
where ZN i s  the  function 

speed-computer calculations, it i s  convenient t o  use the  form of Garrick and 
Rubinow, reference 9 i n  which 

and 

where the  nondimensional aerodynamic coeff ic ients  given by Newtonian theory are 

L1 = 0 

I 



M2 = Cp,stag J”” %(x - xo)dX = L4 
2 

2br kr 

ZN(X - xo)dX = -M2 1 
Cp3stag 2 2  s”” kr 2% kr 

M 3  = 

(r - x)(2rx - x2) 1/2 
For a hemicylindrical leading edge where ZN = 72 - 
dynamic coeff ic ients  reduce to 

L 1  = 0 

he aero- 

2Cp, stag ( ~ ) ~ ( 1 - 6 3  - 35(r -2 
L4 = 

3% 16 

1 4  
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TABU I.- MEASURED MODEL PROPERTIES 

v 

(a )  Overall properties 

1 70-s-1 
754-1  
80-s-1 

75-W-2 
754-3 
80-w-2 
80-w-3 

75-DW-: 
80-DW-: 

70-s-2 
754-2 
80-s-2 

~ ~~ 

- - Wing Natural frequencies 
root Wing Shaft Shaft __-___-- 

‘1J ‘2J f3J  f4J  fl/f2 
cps cps cps cps 

CI3J Ycg, Ia, Mass, x 

‘lugs root  chord semispan 
Model m~ percent percent slugs-ft2 .a2 semichord, Semispan, length, thiclmess, 

br, ft  s, f t  2 ,  in .  d, in .  
(a )  

7.63 16.66 
5.54 12.20 
6.67,lk.O 
3 - 8 7  8.75 

60-w-1 0.01404 

70-W-l .01092 
65-w-1 . ox43  

75-w-i .00912 
, 80-w-1 .00672 

60-DW-2 ,01632 

70-m-2 .01536 

80-m-2 .00852 

65-~w-2 .01572 

75-DW-2 .on76 

138.0 .46 
88.91 .45 

115.0 .46 
73.4~ , .a 

70.9 
71.0 
71.1 
71.2 
71.4 

69.2 
69.3 

68.5 
68.6 

70.9 

.00672 

.oil76 

.00852 

.01583 

.01343 

.00961 

71.4 

68.5 
68.6 

68.4 
68.6 
68.8 

1 

6.21 
5.53 

4.27 
3.86 
3.20 

.oa48 68.5 

.01837 69.0 

.01583 68.4 

.01343 68.6 

.00961 68.8 

14.45 101.0 
11.66 93.8 

9.46 65.2 
7.94 69.3 
6.48 65.4 

19.7 4.485 x 0.184 
19.5 
21.3 
19.8 
17.5 

17.7 
18.0 
21.3 
18.3 
21.5 

17.0 
16.9 

16.8 
16.0 

19.8 
19.8 
17.5 
17.5 

18.3 
21.5 

16.8 
16.0 

17.3 

17.3 

3.789 

2.642 
1.842 

4.823 
3.975 
4.533 

2.003 

7.011 
6.392 
5.254 
4.399 

3.169 

2.922 

3 * 105 

2.642 
2.642 
1.842 
1.842 

2.922 
2.003 

5.254 
4.399 L 3 * 105 

* 175 
.167 
.167 
.158 

.170 

.170 

.145 

.143 
* 135 

* 197 
.200 
.191 
.189 
.la6 

.167 

.167 

.158 

.158 

.143 
* 135 

.191 

.189 

.186 
- 

0.4811 
.3886 
* 3033 - 2233 
.1469 

.4811 

.3886 - 3033 
* 2233 
.1469 

.48ll 

.3886 - 3033 - 2233 

.1469 

* 2233 - 2233 
.1469 
.1469 

.1469 
-2233 

* 3033 
* 2233 
.1469 

4.30 
4.31 
4.30 
4.85 
5.18 

3.35 
3.50 
4.25 
4.66 
4.92 

5.50 
5.80 
6.00 

6.25 

5.00 
5.00 
5.25 
5-50 

5.00 
6 .oo 

5.95 
6.00 
6.00 

0.0625 
.0625 
.0625 
.0625 
.0625 

.0625 

.0625 

.0625 

.0625 

.0625 

.0625 

.0625 

.0625 

.0625 

.0625 

.050 

.Ob1 

.ob 

. O X  

.050 

.Ob1 

.050 

.0415 

.032 

8.45 19.6 80.6 352.0 

9.56 20.7 132.8 594.0 
10.90 23.6 161.7 552.5 
12.30 26.4 199.2 548.2 

9.60 20.6 101.9 502.6 

9.76 22.5 95.0 327.8 

8.77 20.5 110.8 635.0 
9.72 21.2 151.5 589.0 
u.46 24.25 198.5 570.0 

9.71 21.4 107.3 

0.43 
.47 
.46 
.46 
.47 

.43 

.45 

.43 

.46 

.47 

‘In the model designations, t he  f i r s t  two integers indicate the leading-edge-sweep angle A i n  degrees; the letters 
indicate the profile shape (W-wedge; DW-double wedge; S-slab); the last integer indicates the s t i f fness  leve l  of the 
model [3 < 2 < 11. 
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Weight, 
l b  

3.2222 
.ll80 
.Ob0 
,0315 
.0213 
.0126 
.0041 

s,, Iea J 

lb-in. lb-in-sec2 

0.01884 33.81 x 
.lo97 14.25 
.0147 3.21 
,0296 2.20 
.0345 2.07 
.0278 1.82 
. o u 6  .91 

S t r i p  6 ,  in .  
Weight, s,, Iea 

l b  lb-in. lb-in-sec2 
6 ,  

in.  S t r ip  Wei&t, S,, 
l b  lb-in. 

1 (root) 0.50 
2 

4 

0.1421 0.0125 17.50 x 10-4 
.0906 .0680 7.97 
.0444 .0666 4.67 
.0127 .0226 1.44 

TABLE I.- MEASKH3D MODEL PROPERTIES - Continued 

(b)  Mstributed properties 

I Model 75-W-1 

St r ip  6 ,  
in.  

Iea , 
lb-in-sec2 

1 (root 
2 
3 
4 
5 
6 
7 ( t i p )  

5 -0.0987 
.0614 
.0964 
.lo30 
.0803 
.OlW 

23.25 x 10-4 
9.62 
6.66 
5.98 
4.83 
1.08 

C 0.55 0.1874 

- 0727 
.0603 

5 ( t i p )  1 & 1 .0035 1 .0088i .64 

To ta l s  0 - 2933 32.22 x 10-4 

Model 8O-W-l,2,j 
Totals I 10.4940 I 

Model 75-DW-1 

51.42 x lo-4 
Totals 

-q--x3 lb-in. lb-in-set2 Model 65-W-1 I Str ip  I I 

-q---L- lb-in. lb-in-sec2 
Weight, 

Strip li:: I l b  
I I 

6, Weight, 
Strip I in.  I l b  11.58 x 10-4 

5.43 
3.07 
1-99 

.83 

22.90 x 10-4 

1 ( root )  
2 
3 
4 
5 ( t i p )  

Totals 

-0.0101 
.0489 
.0714 
.0202 
.0170 
.0198 
* 0195 
.0150 
.0069 

18.95 x 10-4 
10.64 
7.28 
2.07 
1.39 
1.26 
1.17 
1.05 

.55 

0.1441 
* 1075 

* 0275 
.0679 

.0192 

.0108 

.0066 

.0150 

.OO25 

- 0357 
* 0173 

0.2160 

.0616 

.0336 
5 ( t i p )  .0062 

Totals 0 * 3770 
Model 6 5 4 ~ - 1  

Model 80-DW-1 

1 lea, 
lb-in. lb-in-sec2 --- 

Totals 0.4011 -- 
Model 70-W-l 

lb-in. lb-in-sed 

.0234 5.54 
-0553 3-47 

26.32 x 10-4 

5 -0.1148 20.23 x 10-4 
.oioi  8.39 
.0488 5.08 

.0625 3.72 

.0461 2.60 

.02& 1.83 

.0524 3.94 

.Ob26 2.43 

, 3  

5 
Iea 

Strip 1 i:: /":?'/ l k n .  1 lb-in-set2 
I I I I c; I 

0 
.0817 

.0252 

.009: 

-0639 

.0221 

21.29 x 10-4 
9-19 
5.36 
1.62 
1.43 

-73 

39.62 x 10-4 

.io65 

Totals 

.0022 ~ .w59) .48 

1.5071 ' 48.70 x 10-4 



6, 
in. 

1.75 I 
Wei&tJ Iea, 

lb lb-in. lb-in-sec2 

0.3668 -0.0714 48.40 x 10-4 
.1593 .1388 18.24 
.0527 .0122 4.74 
.0381 .0335 2.81 

.0142 .0315 2.18 

.0236 .0370 2.31 

.m43 .ol21 .95 

0.6590 79.63 x 10-4 

TABLE I. - MEASURED MODEL PROPERTIES - Concluded 

(b)  Distributed propert ies  - Concluded 

Model 75-S-1,2 
1 

St r ip  

1 ( root :  
2 
3 
4 
5 
6 

~ 

7 ( t i p )  

T o t a l s  

S t r i p  

1 (root) 
2 
3 
4 
5 
6 
7 
8 
9 ( t i p )  

T o t a l s  

S t r ip  

1 ( root )  
2 
3 
4 
5 
6 ( t i p )  

T o t a l s  

6, 
in. 

Weight: 
lb 

Sa 9 
lb-in. S t r ip  

1 ( root )  
2 
3 
4 
5 ( t i p  

Tota ls  

S t r ip  

1 

-0.0659 
* 0957 
.0736 
.0248 
.0092 

38.17 x 10-4 
10.76 

56.30 x 10-4 0.4322 
1 

Model 143-1 

6 ,  
in .  

Weight, 
l b  

SU, 
lb- in .  lb-in-sec2 

24.41 x 10-4 

2.02 

Weight , 
lb 

3.2421 

.lo05 

.~ 

.1568 

* 0327 - 0235 
0175 - 0097 

.0062 

.0017 

0 * 5907 

sa., 
lb-in. 

IeaJ  
lb-in-sec2 

42.21 x 10-4 
18.01 
11.38 

1.66 

1.27 
1.16 

2.94 

1.50 

.42 

6, 

3.45 

in. 1 ( r o o t )  
2 

3.30 

1 
0.1602 

-0879 

,0172 

0.3088 

- 0392 

.0043 

-0.0519 - 0555 
.0468 

.0107 

.0312 
-0.1074 

.0956 

.lo40 

.0217 

.0189 

.0215 

.0249 

.Ol5l 

.005l 

Tota ls  

80.53 x 10-4 

Model 7O-S-l,2 
~~ 

S U J  
lb-in. 

6, 

3.56 

in. 

I 
Tea , 

lb-in-sec2 

45.57 x 10-4 
12.65 
5.55 
1.74 
1.66 

.78 

Weight, 
l b  

0.2834 

.04gO 

.1346 

.0217 . o n 7  
0037 

0.5041 

-0.0703 
.0902 
,0662 
* 0279 
* 0239 
.0101 

67.95 x 10-4 



TABLE 11.- EX€'ERIMENTAL RESULTS 

Speed of Mass 
sound, a, r a t i o ,  

f t / s e c  p 

"---ityJ P J  
Model 

60-w-I. 
65-W-I. 
70-W-1 
75-W-1 
80-w-1 

75-w-3 
80-w-2 
80-w-3 
70-w-1 

75-W-2 

Speed, Frequency, 

f t / sec  radians/sec 
w ,  V, Model 

lUn behavior I, 
).643 
.660 
.681 4 

5 
1 
9 

22 
10 
21 
25 

1.660 x 106 
1.718 
2.590 

1'60-MJ-2 11 
65-MJ-2 13 
70-MJ-2 8 

80-DW-2 15 

,7o-nw-2 26 

75-MJ-2 1 4  

75-W-3 23 
80-MJ-3 24 

9,859.6 
9,734.8 
7,443.8 

60-s-1 16 
65-s-1 17 
70-s-1 18 
70-s-2 ~ i g  
75-S-2 20 
65-S-1 27 

6,389-3 
6,312.5 
5,925.9 

f 
f 
f 

nf 
nf 
nf 
f 
nf 
nf 
f 

f 
f 
f 

nf 
nf 
f 
nf 
f 

f 
f 

nf 
f 

nf 
f 

Mach 
lumber, 

M 

331.9 1.626 x 10-5 
361.4 1.814 
467.0 2.659 

562.9 3.274 

290.9 1.612 
571.5 3.289 

465.0 .2.713 

579.5 ,3.277 

553.5 3.231 

595.3 3.372 

415.7 2.303 x 10-5 
368.4 1.926 
359.0 1.856 
571.5 3.221 
567.6 3.325 

576.0 3.315 
451.2 2.458 

350.5 1.843 

417.6 
409.9 
384.8 
386.2 
380.8 
380.1 
392 * 6 
382.8 
385.9 
380.2 

390 2 
401.6 
403.9 
386.8 
379.4 
393.5 
382.8 
400.5 

406.2 2.209 x 10-5 393.8 
282.2 1.464 408.5 
559.9 3.245 381.4 
477.1 2.599 393.5 
583.5 3.388 381.1 
290.0 1.549 400.0 

8,091.2 6,009.1 
11,550.3 6,184.6 
15,000.0 6,220.1 
8,990.8 5,956.7 
9,573.0 5,842.8 

9,605.4 5,895.1 
15,105.8 6,167.7 

n,783.5 6,059-9 

10,584 .o 6,064.5 
17,766.0 6,209.2 
8,838.6 5,873.6 

9,760.2 5,868.9 
16,791.1 6,120 .o 

11,039 * 1 6,059-9 

123.2 
129.4 
130.1 
148.3 
165 * 9 
104.7 
76.7 
88.0 

130.1 
55.0 

141.4 
134.5 
128.8 

152.4 
90.8 
73.3 

128.8 

133 - 2 

79.5 
81.1 
83.9 
59.4 
49.9 
81.1 

1.253 
1.186 
1.266 
1.162 

.968 
1.608 
1.594 
1.838 
3.004 
1.264 

1 - 133 
1.026 

.946 
1.131 

.940 

1.968 - 934 

1.474 

1.778 

1.786 
2.328 
2.855 
1.396 

1.377 

,adians/sec 

79 - 17 
85.45 
88.59 

44.86 

87 - 90 

92 - 55 
83 - 69 
75.40 

59.88 

69.12 

62.83 
57.99 

38.61 

56.55 

y,%;number, Reynolds R I 

.655 2.226 x lo6 

.622 1.837 

.585 1.768 
3.116 

.659 2.369 
3.214 

3.210 
-537 1.770 

.790 2.129 X lo6 

.715 1.484 
3.140 

,650 2.505 

.697 1.490 
3 - 279 

,-I I I I d  
af  - f l u t t e r .  

nf - no f l u t t e r .  



R 

70-IN-2 
75-DW-2 
80-DW-2 
75-DW-3 
80-nW-3 
70-DW-2 

60-s-1 
654-1 
70-s-1 
70-s-2 

6543-1 
754-2 

TABLF: 111. - THEORFECAL RESULTS 

8 
1 4  
15 
23 
24 
26 

16 
17 
18 
19 

27 

I 

20 

Experimental Piston theory Newtonian theory 

60-w-1 2 
65-w-1 3 
70-w-1 4 
75-W-1 5 
80-w-1 1 
75-W-2 9 
75-w-3 22 
80-w-2 10 
180-w-3 21 
170-w-1 25 

f 
f 
f 

nf 
nf 
f 

nf 
nf 

f 

f 
f 

nf 
nf 

f 
f 
f 

f 
f 

nf 
f 

nf 
f ' 

af  - f l u t t e r .  
nf - no f lutker .  

4645 
3632 
3854 
5541 
3575 
3903 
4647 
1800 
l a 7  
3854 

---- 
3521 
4361 
3868 
3887 
3117 
1972 
4361 

3170 
3429 
2945 52.59 

1613 30.16 
3429 I 48-70 

2340 , 37-51. 

73.83 
79.67 

71.69 

36.57 

88.09 

101.54 
49.51 

50.83 
32 99 
88.09 

------ 
84.07 
66.67 
75.78 
87.59 
31-77 
38-27 
66.67 

46.50 
48.70 

1.376 
1.738 
1.538 

1.640 
1.500 

1 * 073 

1 * 293 
3 275 

1.519 
4.924 

1.756 
1.426 
1.540 
1.503 
1.944 
2.989 
1.414 

1.913 
1.811 

1.072 

1.006 
1.073 

1.227 

.998 

.995 
1.131 

1.157 

1.037 

1.351 
1.191 

1.029 

6863 
5402 
5648 

5393 
6857 
6318 
2715 
1804 
5648 

---- 
4221 
5332 
4774 
4778 
3827 
2397 
5332 

6661 
6901 
6193 
4908 
3386 
6901 

- 

82.56 
90.67 

101.16 

112.91 
56.36 
43.05 
56.55 
36.82 

101.16 

------ 
83.44 
68.80 
80.11 
91.74 
53.09 

68.80 
40.09 

42.98 
44.30 
48.26 
34.24 

44.30 
28.02 

0 - 931 
1.169 
1.049 

1.087 
.a54 
.950 

2.171 
3.294 
1.037 

----- 
1.465 
1.167 
1.248 
1.223 
1.583 
2.459 
1.157 

.910 

f948 
.901 

0 - 959 
.942 
.876 

1.041 

.869 

----- 
1.003 
1.096 

1.128 

1.005 

1.462 
1.310 

57 10 

70.09 
64.34 

71.83 
83.07 
49-09 
36.33 
41.35 
26.25 
70.09 

78.10 
79.37 
58.82 
67.38 
75.83 
43.70 
30 30 
58.82 

36.19 
37.28 

121.7 
132 * 7 
145.3 
149.7 
174.4 
104.9 
77.7 
87.6 
58.1 

145.3 

129.6 
139.6 
118.7 

166.1 
96.9 

118.7 

141.4 

79-05 

85.2 
86.9 

39.87 94.3 
1.235 ' 1.127 29-71 67.3 
1.733 24.15 54.2 

.887 1 1.277 1 37.28 1 86.9 

1.0 + 2.823xft. y/s 
1.0 + 2.15* yh 
1.0 + l.390&2 y,$ 
1.0 + 0.902& y / !  
1.0 + 0.556~74 y/s 
1.0 + 0.839& yfs 
1.0 + 0.453cft y//S 
1.0 + 1.39Oxf-l 115 
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Figure 1.- Sketch of models and t h e i r  support s t ruc tu re .  All dimensions a r e  in inches 
unless  otherwise s t a t e d .  
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Figure 2. - Planforms. L-61-7050 .i 

Iu w 



Figure 3.- Metal port ion of typical model. L-61-3646.1 
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Figure 4.- Typical nodal lines for models; model 60-s-1. 
explanation of model designations.) 

(See table I(a) for 



Model support 
structure 

Figure 5.- Clamping apparatus. L-62-3322.1 
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Figure 6.- Variation of flutter-speed index with leading-edge-sweep angle. 
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